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The Atomic Spectroscopy and Collisions Using Slow Antiprotons (ASACUSA) experiment at the
Antiproton Decelerator (AD) facility of CERN constructed segmented scintillators to detect and
track the charged pions which emerge from antiproton annihilations in a future superconducting
radiofrequency Paul trap for antiprotons. A system of 541 cast and extruded scintillator bars were
arranged in 11 detector modules which provided a spatial resolution of 17 mm. Green wavelength-
shifting fibers were embedded in the scintillators, and read out by silicon photomultipliers which
had a sensitive area of 1 × 1 mm2. The photoelectron yields of various scintillator configurations
were measured using a negative pion beam of momentum p ≈ 1 GeV/c. Various fibers and silicon
photomultipliers, fiber end terminations, and couplings between the fibers and scintillators were
compared. The detectors were also tested using the antiproton beam of the AD. Nonlinear effects
due to the saturation of the silicon photomultiplier were seen at high annihilation rates of the
antiprotons.
PACS numbers: 29.40.Gx, 29.40.Wk, 36.10.Gv
I. INTRODUCTION
The Atomic Spectroscopy and Collisions Using Slow
Antiprotons (ASACUSA) experiment at the Antiproton
Decelerator (AD) facility of CERN has recently devel-
oped position-sensitive detectors to measure and track
charged pions emerging from antiproton annihilations.
These segmented plastic scintillators will be used to de-
tect annihilations that occur inside a radiofrequency Paul
trap for antiprotons. They were also employed in a recent
experiment which attempted to measure the annihilation
cross-sections of low-energy (130 keV) antiprotons on var-
ious target foils [1]. In this paper we describe the design
and manufacture of these detectors, and beam tests car-
ried out using negative pion (pi−) and antiproton beams
provided by the CERN Proton Synchrotron (PS) and AD
facilities.
Depending on the atomic nucleus on which an antipro-
ton annihilates, on average 3–4 charged pions emerge
with a mean kinetic energy of a few hundred MeV [2].
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By tracking the trajectory of at least two charged pi-
ons, the initial vertex where the annihilation occurred
can be reconstructed. This technique forms the basis of
many experiments now carried out at the AD. Track-
ers based on silicon strip detectors [3, 4] or scintillation
fibers [5] have been previously used to detect the for-
mation of antihydrogen, or to count the number of an-
tiprotons stored in traps. Precision laser spectroscopy
of antiprotonic helium atoms have been carried out by
using acrylic Cherenkov counters to detect the timing of
antiproton annihilations occurring in a cryogenic helium
target [6, 7].
Recently, extruded scintillators [8–11] read out by
wavelength-shifting (WLS) fibers [12] and silicon photo-
multipliers (SiPMs) [13–15] were used as tracker detec-
tors in long-baseline neutrino experiments [16, 17]. They
may also be used in electromagnetic calorimeters in fu-
ture collider experiments [18, 19]. Compared to conven-
tional scintillators which are read out by photomultiplier
tubes, the SiPM-based design has important advantages
which include low cost, compact size, and insensitivity
to magnetic fields. There are, however, currently numer-
ous disadvantages such as the comparably small active
area, gain, and dynamic range of the SiPMs; their high
2dark current and temperature sensitivity [14, 20]; and the
narrow range of bias voltages in which the SiPMs can be
operated in an optimal way. In this paper, we system-
atically studied the response of the scintillator against
individual hits of minimum-ionizing pions. It was par-
ticularly important to achieve a sufficient photoelectron
yield, above the backgrounds of dark current and envi-
ronmental noise.
This paper is organized in the following way. In
Sect. II, we describe the construction of the detector,
with details of the SiPMs, scintillators, and WLS fibers.
In Sect. III, measurements carried out at using a 1-GeV/c
pion beam provided by the CERN PS are described. We
compared the performance of cast and extruded scintil-
lators, fibers of various diameters, two types of SiPMs,
and various methods to optically couple the scintillator
and fibers. Sect. IV describes the tests carried out at the
AD with a 70-keV antiproton beam.
II. DETECTOR CONSTRUCTION
A. Overall design
The Paul trap is housed in a 1-m-diameter cryostat
(Fig. 1), which has vacuum ports on its three sides com-
prising injection and ejection beamlines for antiprotons.
The cryogenic equipment was located above the vacuum
vessel. We arranged 541 scintillation bars in 11 detector
modules, which together covered a solid angle of ∼ 2pi
steradians seen from the center of the trap.
Seven of the modules [Fig. 2 (b)] ranged between
sensitive areas of 0.25×0.45 m2 and 0.8×0.45 m2, and
contained cast scintillator bars with a cross section of
50×12.7 mm2 which were arranged in a XY geometry.
They were optimized to detect annihilations that occur
in the trap with a high efficiency (> 90%). The four
remaining modules [Fig. 2 (a)] had larger active areas
(∼ 1×1 m2), and contained extruded scintillators with a
smaller cross section of 17×19 mm2 which were designed
for higher spatial resolution and tracking efficiency of the
pions (> 15%).
Each module was housed in an aluminum box with 3-
mm-thick walls, with support beams which held the scin-
tillator bars in place. Black adhesive sheets were lined
along the inside the boxes, and provided the light tight-
ness. WLS fibers embedded in each scintillator bar col-
lected the scintillation light. The wavelength-shifted light
was subsequently guided along the fibers, and coupled to
SiPMs which were connected to one end of the fibers.
The detection and tracking efficiencies described above
are optimized values, which were estimated using a
Monte Carlo simulation based on the GEANT4 pack-
age [21]. For this, a computer model of the trap was
created, including its electrodes and vacuum chamber.
We allowed antiprotons to annihilate on the electrodes
according to the experimental branching ratios [2], and
tracked the secondary particles for ∼ 200 ns, or until all
Paul trap vacuum vessel Tracker detectors (extruded scintillators)
Counter detectors 
(cast scintillators)
Tracker detectors 
(extruded scintillators)
FIG. 1. Schematic diagram of the scintillation detector mod-
ules surrounding the Paul trap for antiprotons. Two pairs of
modules (blue) consisting of 17 mm -wide extruded scintilla-
tor bars reconstruct an estimated > 15% of the annihilations
with 20–30 mm spatial resolution. Seven additional modules
(orange) containing cast scintillators are optimized to detect
the annihilations with a >90 % efficiency.
the particles left the 4×4×4 m3 area around the trap.
The detection of charged pions was defined as events
which deposited more than ∼ 0.4 MeV of energy into
the scintillators.
B. Cast scintillators
The cast scintillators (Saint-Gobain Crystals BC-408)
with a polyvinyltoluene (PVT) base were first milled into
the desired shapes. The surfaces were then polished using
a two-blade fly-cutter. This consisted of an angled fore-
cutter with a coating of polycrystalline diamond (PCD)
deposited on its edge, and a flat finishing cutter with
a monocrystalline diamond (DIXI Polytools type 20370
version C) edge. The two blades were positioned on a
85-mm diameter mount which was rotated at 2000 rev-
olutions per minute (rpm) and fed at a speed of 250
mm/min. The depth of the cut during the final pass
of the tool over the scintillator was adjusted to ∼ 10 µm,
to attain a mirror-like surface. No additional polishing
of the surfaces was carried out. A 1.2-mm-wide, 1.5-mm-
deep U-shaped groove [Fig. 2 (b)] was next cut along
the surface of each scintillator [22–27]. For this a two-
flute, ball-nose slot drill made of carbide with a diamond
coating applied by chemical vapor deposition (CVD) was
used. The mill was rotated at 2000 rpm and fed at a
3FIG. 2. (a) Layout of the extruded scintillator module. A
wavelength-shifting (WLS) fiber was placed into a hole fabri-
cated in the center of each scintillator bar. (b) Layout of the
cast scintillator module, with fibers embedded into U-shaped
grooves that were machined on the surface of each scintilla-
tor bar. The fibers were coupled to SiPMs. Coaxial signal
cables were guided from the PCB’s along a narrow channel
between the outer and inner walls of the frame, and exited at
the corner of the box.
speed of 160 mm/min. Each pass cut the groove in in-
crements of 200 µm. During machining, it was essential
to constantly blow dry air on the groove to avoid im-
mediate melting of the scintillator. No other lubricants
were used. After this machining, optical grease (Eljen
Technologies EJ-550) was applied to the groove, and the
WLS fiber tightly pressed into it, to ensure that no bub-
bles formed in the contact between the fiber and scintil-
lator. The bars were then wrapped in specular reflector
foils (3M Vikuti), which have a reflectivity of > 98% at
visible wavelengths.
C. Extruded scintillators
A detector module containing extruded scintillators
bars manufactured by Fermilab is shown in Fig. 2 (a).
Each bar with a cross section of 19×17 mm2 contained
circular, or slightly oval, holes of diameter d = 2 − 3.5
mm along its center. During the extrusion of the scintil-
lators, TiO2 diffuse reflector coatings were deposited on
their surfaces [9]. The attenuation length of the scintil-
Extruded scintillator
WLS fiber
Fiber connector pair
MPPC
Readout and bias PCB 
FIG. 3. Detail of the connection between a SiPM and WLS
fiber. The fiber was glued into the male part of a connector
and polished (see text). The SiPM was placed into the female
counterpart, and soldered to a printed circuit board. The as-
sembly was then bolted to the aluminium box of the module,
which constituted the signal ground.
lators according to Ref. [10] was around ∼ 40–50 mm.
We also tested extruded scintillators manufactured by
CI-Kogyo K.K, with a larger cross section of 10×40 mm2
and smaller hole diameter 1.5− 2 mm. These prototype
bars were fabricated in 2010, by melting polystyrene (PS)
pellets (Dow Chemicals No. 679) mixed with two kinds
of fluorescent dye (PPO and POPOP of respective con-
centrations ∼ 1% and ∼ 0.03%), and extruding them
as in Ref. [9]. Some 0.3-mm-thick layers of TiO2 were
deposited on the surfaces by co-extrusion. The ends of
each bar were roughly milled; polishing these surfaces or
depositing layers of TiO2 paint on them did not signif-
icantly increase the light yield. This may indicate the
relatively short attenuation length of this scintillator.
We attempted to increase the light yield by filling opti-
cal cement (Saint-Gobain Crystals BC-600) into the scin-
tillator holes before inserting the WLS fibers. It was dif-
ficult to obtain a homogeneous filling, especially in the
case of long (∼ 1 m) scintilallator bars, although shaking
the scintillator helped to reduce the forming of bubbles
in the cement. We also attempted to coat the fibers with
optical grease (Eljen Technology EJ-550) before the in-
sertion into the hole. Due to the high viscosity of the
grease, it was similarly difficult to achieve a homogenous
filling, although the viscosity could be reduced by heating
the grease to a temperature T > 35◦C.
D. Fibers and silicon photomulipliers
The WLS fibers (Kuraray Co., Ltd. Y-11(200)M)
contained round polystyrene cores of refractive index
n = 1.59, which were doped with 200 parts per mil-
lion (ppm) of K27 dye [12]. The peak absorption and
4emission wavelengths were ∼ 420 and ∼ 476 nm. Each
core was surrounded by an inner cladding made of poly-
methylmethacrylate (n = 1.49), and an outer core made
of fluorinated polymer (n = 1.42). These fibers of diam-
eters d = 1 or 1.2 mm had numerical apertures of ∼ 0.72
and light attenuation lengths of ∼ 3.5 m.
It was essential to position the SiPMs as close as pos-
sible to the cleaved ends of the fibers and center them
on the fiber axis, to attain high coupling efficiencies. For
this we used plastic connectors developed by the T2K
experiment [28]. One of the fiber ends was glued to the
male part of the connector using optical cement (Fig. 3).
The fiber end was then polished, using polishing paper
with diamond grain sizes that were progressively reduced
from 10 µm to 1 µm. The other end of the fiber was left
unpolished.
To further increase the light yield, we attempted to
polish the ends of the fibers opposite the SiPMs, and ap-
ply aluminum reflector layers of a few micron thickness
by vacuum evaporation. We could not, however, attain a
high-quality reflector surface that was precisely perpen-
dicular to the fiber axis by hand-polishing. For 15–20%
of the fibers treated in this way, a substantial amount of
light leaked out of the aluminized ends when the middle
sections of the fibers were illuminated.
We tested two types [14] of SiPMs of active area 1×1
mm2, i): Hamamatsu Photonics K.K. multi-pixel photon
counters (MPPC) type S10362-11-050C, which contained
400 pixels of size 50×50 µm2, ii): S10362-11-025C con-
taining 1600 pixels of size 25×25 µm2. The 400-pixel
type had higher photon detection efficiency (∼ 50% ver-
sus ∼ 25%) and gain (∼ 8 × 105 versus ∼ 3 × 105), due
to the smaller dead area and higher capacitance of its
larger pixels. These SiPMs are often used to read out,
e.g., tracker scintillators which detect individual hits of
minimum-ionizing particles with a high sensitivity. The
1600-pixel SiPMs, on the other hand, had lower dark cur-
rent and higher dynamic range arising from the larger
number of pixels which can sustain more simultaneous
photon hits. These detectors are normally used to read
out scintillators in calorimetric applications.
We employed the 1600-pixel SiPMs, since many AD
experiments involve an abrupt burst of pion hits which
are superimposed on a less intense background of low-
rate hits. Such a distribution may be caused by a pulsed
beam of antiprotons arriving in the trap, followed by the
slow annihilation of antiprotons spilling out of the trap.
The recovery time needed for a fired pixel to recharge
was around ∼20 ns [15]. The typical gain, dark current
rate, and Geiger breakdown voltage were respectively ∼
3×106, ∼ 5×105 Hz, and V0 ∼ 70±1 V, according to the
specifications of the company and Ref. [20]. The V0-value
had a temperature dependence of dV0/dT = 60mV/
◦C,
and a variation of 10% [29]. By adjusting the bias ∼ 1
V above V0, the optimal tradeoff between gain and noise
characteristics was attained.
The SiPMs were placed inside the 4 mm–diameter fe-
male counterparts of the plastic connector (Fig.3), and
soldered onto double-layered printed circuit boards made
of glass epoxy (Panasonic R-1705). Two circuit boards
16.6×28.5 mm2 and 20×33 mm2 were used for the two
module types shown in Fig. 2 (a) and (b), respectively.
They supplied the bias, filtering, and readout decoupling
according to the circuit diagram shown in Fig. 4. The
boards were firmly grounded on the aluminum box of the
detector module. The output signals were transmitted
using 1–1.5-m-long, SMC-type coaxial cable assemblies
to the outside of the module.
III. PION BEAM MEASUREMENTS
The T9 beamline of CERN provided a secondary beam
of pions, muons, and electrons [30]. It was produced by
extracting protons of momentum p = 24 GeV/c from
the PS, and directing them onto a metallic target. The
charge and momentum of the secondary particles were se-
lected by pairs of dipole magnets and slits located down-
stream of the production target. For this experiment
(Fig. 4), we used negative pions and muons with p = 0.9–
1.1 GeV/c, which is equivalent to the highest momenta
of the pions emerging from antiproton annihilations [2].
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FIG. 4. Setup of the photoelectron yield measurement at the
T9 beamline of CERN. The arrival of the 1 GeV/c pions were
detected by the coincidence between two scintillation coun-
ters P1 and P2. Two gas Cherenkov detectors (C1 and C2)
were used to reject the electron background. The SiPM was
read out by a charge-sensitive preamplifier. The signal was
amplified by a shaping amplifier with a 50-ns time constant.
A peak-sensing ADC measured the signal height.
The secondary beam was allowed to pass through two
Cherenkov counters C1 and C2 of length 2.5 and 5 m,
which were filled with nitrogen gas at a pressure of
P ∼ 1.2 bar. The Cherenkov signals were used to re-
ject the electron contamination in the beam. The beam
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FIG. 5. (a): Pulse height distribution of BC-408 cast scin-
tillator of 12.7 mm thickness which is struck with 1 GeV/c
pions (open histogram). The response against a pulsed LED
light source (blue filled histogram) is shown superimposed.
Peaks corresponding to multiple photoelectron numbers were
resolved and used to convert the ADC channels to photoelec-
tron numbers (see text). The solid line indicates the best fit of
a convoluted Landau-Gaussian function. Similar histograms
for (b) 19-mm-thick extruded scintillators constructed by Fer-
milab and (c) 10-mm-thick ones by C.I. Kogyo K.K. and em-
bedded with 1.2-mm-diameter WLS fibers are also shown.
then traversed two plastic scintillators P1 and P2, and a
third scintillator P3 with a 10–mm-diameter hole which
defined the size of the beam. The data acquisition was
triggered by events for which C1 · C2 · P1 · P2 · P3.
The anodes of the SiPMs were biased between −70
and −73 V, corresponding to ∼1 V above the Geiger
breakdown voltage. The cathode signal was decoupled
by a 4.7-nF capacitor, before being read out by a hybrid
charge-sensitive preamplifier (Clear Pulse Co., Ltd. CS-
507) with a charge-to-voltage conversion coefficient of 0.1
V/pC and integration time constant of ∼ 1 ms. A high-
pass filter then differentiated the voltage signal with a
time constant of ∼ 50 µs as in the design of Ref. [31].
The preamplifier and high-pass filter were implemented
on a single four-layer printed circuit board. The signal
was transmitted by coaxial cables over a distance of ∼ 50
m. It then entered a shaping amplifier (Clear Pulse 4076
custom) consisting of a passive first-order differentiator
and active second-order integrator with a time constant
of τ = 50 ns, which produced an unipolar, semi-Gaussian
output pulse. The small shaping time in this final stage
FIG. 6. (a) Spatial distribution of photoelectron yield Γ of
BC-408 scintillator of size 750×50×12.7 mm3 along the axis
parallel to the WLS fiber. (b) Distribution along the axis
perpendicular to the fiber.
was needed to reduce the effects of integrating over the
dark current of the SiPM, which had a typical rate of 0.1–
1 MHz. The pulse amplitudes were measured by a 32-
channel peak-sensing analog-to-digital converter (ADC,
CAEN S.p.A. V785) with a vertical resolution of 12 bits.
For data acquisition and analysis, the MIDAS [32] and
ROOT [33] software packages were used.
The gain of the SiPM was calibrated by measuring the
light pulses produced by a light emitting diode (LED)
with an emission wavelength of ∼ 420 nm. The light
intensity was adjusted so that the SiPM detected an av-
erage of 3–10 wavelength-shifted photons. In Figs. 5 (a)–
(c), the distributions of signal amplitudes of LED light
pulses measured in this way are indicated by the solid
histograms. In SiPMs, secondary afterpulsing and op-
tical crosstalk effects [14, 20] can cause a spurious in-
crease in the number of discharging pixels λmeas, relative
to the number of initial photoelectrons. These effects are
strongly dependent on gain and temperature. To esti-
mate the true number of initial photoelectrons λreal, we
carried out a statistical analysis [34] of the pulse height
distributions of Figs. 5 (a)–(c). Assuming that the num-
ber of photons arriving from the LED follows a Pois-
son distribution, the photoelectron number can be esti-
mated using the equation, λreal = − log(Nzero/Ntotal).
Here Ntotal denotes the total number of LED flashes,
and Nzero the number of flashes in which no photon was
detected. In this way, the combined afterpulsing and
crosstalk probability ε = 1−λreal/λmeas was found to be
15–20% at a photomultiplier gain of ∼ 5 × 106, and the
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FIG. 7. Spatial distributions of photoelectron yield of extruded scintillators constructed by Fermilab of size 1000×17×19 mm3
along the axis parallel to the WLS fiber. (a) Optical grease, (b) cement, and (c) air gap were used as optical contacts between
the fiber and the scintillator.
ADC channel numbers were converted to photoelectron
numbers. This calibration was carried out every ∼ 10
min during the experiment with the pion beam.
We also estimated ε using an alternative method of
measuring the peak height distributions of the dark cur-
rent. Most of the dark counts involved the discharge of
single pixels; in ∼ 20% of the cases, however, 1–3 addi-
tional pixels fired within the ∼ 50-ns shaping time of the
amplifier, due to afterpulsing and crosstalk effects. The
number of counts in these 2-pixel and 3-pixel events, rel-
ative to the total number of dark current events, provide
an estimation of ε. The values estimated by the two
methods agreed within the experimental uncertainties.
The open histograms of Figs. 5 (a)–(c) show the pulse
height distributions of the pion events measured using
various scintillators. Each histogram contains typically
105 pion hits. From these data, we obtained the photon
yield Γ in the following way: first, we determined the
most probable energy loss (i.e., the maximum of the dis-
tribution) by fitting a convoluted Landau–Gaussian func-
tion on the spectra [34, 35]. We then corrected this value
for crosstalk and afterpulsing effects, using the proba-
bilities determined using the LED calibration measure-
ments. In the examples of Fig. 5 (a)–(c), the obtained
Γ-values were respectively 36± 3, 30± 2, and 6± 1 pho-
toelectrons. We repeated the measurements on at least
3 specimens of the same detector configurations. The
experimental uncertainty on Γ was taken as the square
root of the quadratic sum of the statistical uncertainties
of the three measurements, and the systematic ones of
the calibration.
The highest photoelectron yields of Γ = 35 − 39
were obtained for the cast scintillators (Table I). This
is presumably due to the fact that scintillators with a
polyvinyltoluene base generally have a technical light
yield [36, 37] which is 15–25% higher than those with
a polystyrene base. Moreover the long (∼2 m) light at-
tenuation length in the BC-408 material and the high
reflectivity of the specular reflector foils should in prin-
ciple allow the scintillation photons to make on average
20–30 reflections inside the bar and illuminate a larger
section of the WLS fiber. As shown in Fig. 5 (a), the sig-
nal is well-separated from the background of dark current
counts, with a signal-to-noise ratio > 7.
We next measured the spatial uniformity of Γ for the
cast scintillator, by varying the position of the pion beam
along on its surface. In Fig. 6 (a), the spatial distribution
of Γ along the horizontal (i.e, parallel to the fiber) axis of
the scintillator are shown; here x = 0 corresponds to the
position of the SiPM. Fig. 6 (b) shows the distribution
obtained by scanning the beam along the 50-mm-width of
the bar perpendicular to the fiber axis, where y denotes
the distance of the beam center from the fiber. The vari-
ations in the spatial uniformity was found to be within
the experimental uncertainty on Γ of ∼10%.
The Γ-values for the Fermilab extruded scintillators
of 19×17 mm2 cross section (denoted as Extruded A in
Table I) measured at a distance of x = 100 mm from
the SiPM was 34–38 photoelectrons. These yields were
∼30% less than those of cast scintillators of the same
thickness, and roughly agree with the results reported by
other groups [8, 17, 34]. This provides sufficient single-
to-noise ratio (> 6) above the dark current for detecting
minimum-ionizing particles [Fig. 5 (b)]. Extruded scin-
tillators with no cement or grease in the holes retained a
spatial uniformity over the 1-m length of the bar which
was better than ∼ 15% [Fig. 7 (c)]. Placing grease [Fig. 7
(a)] or optical cement [Fig. 7 (b)] in the holes increased
the Γ-values near the SiPMs to ∼39–41 photoelectrons.
At the opposite ends of the bar (x = 900 mm), how-
ever, the light yield dropped to Γ ∼25, which is similar
to values obtained without any filling. This poor unifor-
mity appears to indicate that it is difficult to properly
distribute the cement or grease along the entire length of
the bar. We also measured the yield of an extruded scin-
tillator with a cross section of 40× 10 mm2 (denoted as
7TABLE I. Photoelectron yields Γ of various scintillator, WLS fiber, and silicon photomultiplier configurations measured using
the ∼1 GeV/c pions. Cast (type BC-408 manufactured by Saint Gobain Crystals) and extruded A, B (manufactured by
Fermilab), and C (CI Kogyo K.K.) scintillators are compared.
Scintillator WLS Fiber MPPC Γ
Type Wid. × Thk. (mm2) Reflector Dia. (mm) Contact Reflector Pixel Photoelectrons
Cast 50 × 12.7 3M ESR 1.2 grease Al 1600 37 ± 4
50 × 12.7 3M ESR 1.2 grease – 1600 37 ± 3
Extruded A 17 × 19 TiO2 1.0 grease Al 1600 34 ± 3
17 × 19 TiO2 1.2 grease – 1600 31 ± 2
17 × 19 TiO2 1.2 grease Al 1600 36 ± 3
17 × 19 TiO2 1.2 glue Al 1600 32 ± 3
17 × 19 TiO2 1.2 – Al 1600 26 ± 3
Extruded B 40 × 10 TiO2 1.2 grease Al 1600 14 ±1
40 × 10 TiO2 1.2 grease Al 400 19 ±3
Extruded C 40 × 10 TiO2 1.2 grease Al 1600 8 ± 1
Extruded B in Table I) manufactured by Fermilab, which
resulted in a value Γ ∼14–19 depending on the SiPM.
No obvious difference in Γ was observed between WLS
fibers of diameters d = 1 mm and 1.2 mm. This may
be due to the fact that the active area of the SiPM was
smaller than the fiber diameter. We used d = 1.2 mm
fibers in the final detector, according to the observation
in Ref. [38] that the alignment between the SiPM and
fiber may become less critical for larger-diameter fibers.
No significant increase in Γ was found for the fibers with
aluminum reflectors deposited on the rear ends. The rea-
son for this is not understood, but it may be due to the
insufficient quality of the reflecting surfaces.
The extruded scintillators which were manufactured by
CI-Kogyo K. K. as prototypes in 2010, yielded values of
Γ ∼ 7–9. This was insufficient to properly separate the
signal from the dark current [Fig. 5 (c)]. The reason for
this is not understood, but extensive efforts to reduce
the impurities and moisture, and control the tempera-
ture during the extrusion process have been made by the
manufacturer since 2010. These measurements do not
represent the latest such efforts.
As expected, the SiPMs containing 400 pixels of size
50×50 µm2 provided a ∼35% increase in the Γ-values,
compared to the 1600-pixel ones. We also tested detec-
tors (Hamamatsu Photonics K. K. S10362-33-050C) with
a larger active area of 3×3 mm2, consisting of 3600 pixels
of size 50×50 µm2, but the high dark current (∼ 6× 106
Hz) was found to be a significant drawback in our appli-
cation.
IV. ANTIPROTON BEAM MEASUREMENTS
Fig. 8 shows the experimental setup which was used
to measure the response of the scintillators against an-
tiproton annihilations. The AD provided a 300-ns long
pulsed beam containing (2 − 3)×107 antiprotons with a
kinetic energy E = 5.3MeV at a repetition rate of 0.01Hz
[39, 40]. This beam was allowed to pass through a ra-
diofrequency quadrupole decelerator (RFQD), which re-
duced the energy of some ∼ 30% of the antiprotons to
E = 70 keV. The decelerated antiprotons were diverted
by an achromatic momentum analyzer which was con-
nected to the exit of the RFQD, and focused into an
experimental helium target. The analyzer consisted of
two dipole magnets which deflected the beam at an an-
gle Θ = 20◦, and three 1-T solenoid magnets. The beam
profile was measured using microwire secondary electron
emission detectors [31, 41, 42]. Some ∼70% of the an-
tiprotons emerged from the RFQD without being decel-
erated, and annihilated on the walls of the analyzer.
A Cherenkov detector [2] made of UV-transparent
acrylic (Mitsubishi Rayon, Acrylite000) of size
300×100×20 mm3 was placed at a distance of ∼ 1
m from the experimental target. Some of the pions that
emerged from the antiproton annihilations traversed the
detector, and the resulting flash of Cherenkov light was
detected by a fine-mesh photomultiplier (Hamamatsu
R5505GX-ASSYII). This photomultiplier had a photo-
cathode of diameter 17.5 mm, and operated at a gain
of 5 × 104. This detector has been used for many years
in precision laser spectroscopy of antiprotonic helium
atoms [7, 40], and its linear behavior against high fluxes
of pions have been extensively characterized [2]. The
analog waveform of the photomultiplier was recorded
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FIG. 8. Experimental setup to measure the response of
the scintillator at the Antiproton Decelerator (not to scale).
Dashed lines represent the beam envelope. A radiofrequency
quadrupole decelerated the antiproton beam from a kinetic
energy of E =5.3 MeV to 70 keV. A momentum analyzer
transported the 70-keV antiprotons to the position of a he-
lium gas target. Charged pions emerging from antiproton
annihilations in the target and beamline walls were detected
by an acrylic Cherenkov counter and scintillator.
using a digital oscilloscope.
In Fig. 9 (a), the waveform of the Cherenkov signal
taken as an average of 14 pulses, each containing∼ 6×106
antiprotons arriving in the target, is shown. The instan-
taneous flux of pions was so high that individual annihi-
lations could not be resolved. The 300-ns-long Gaussian-
shaped signal at t ∼ 2250 ns corresponds to the envelope
of the pulsed beam of antiprotons which annihilated at
the target position. The annihilations that occurred at
other positions along the RFQD and analyzer cannot be
detected, because the resulting pion flux is too low com-
pared to the sensitivity of the detector.
We also placed a cast scintillator of size 750×50×10
mm3, which was read out by aWLS fiber and a 1600-pixel
SiPM, at the same position. The cathode of the SiPM
was biased at Vbias = 65.0− 73.5 V which corresponded
to a voltage between −4 and +4.5 V around the Geiger
breakdown value V0. The anode was grounded using a
1-kΩ resistor and 100-nF capacitor, similar to the con-
figuration in Ref. [43]. The anode signal was decoupled
by a 100-nF capacitor, and the waveform recorded by a
digital oscilloscope of input impedance 50 Ω. In Fig. 9
(b), the signal measured at a low bias of Vbias ∼ 65 V cor-
responding to V0 − 4 V is shown. The detector operated
as a conventional avalanche photodiode of low gain. As
expected, a single peak of amplitude ∼ 2 mV appeared
at t ∼ 2250 ns, as in the Cherenkov counter case [Fig. 9
(a)].
As Vbias neared the breakdown voltage [Fig. 9 (c),
Vbias = 68.5 V], however, two secondary peaks at t ∼ 950
and 1800 ns appeared, while the signal amplitude in-
creased by an order of magnitude, to ∼ 20 mV. This
was caused by the higher sensitivity and gain of the
SiPM, which now detected the weak scintillation light
that arose from the annihilations in the two bending mag-
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FIG. 9. Output signals of (a) acrylic Cherenkov detector and
(b)–(f) scintillators read out by WLS fibers and SiPMs biased
at various voltages Vbias. Each waveform is an average of 14–
15 antiproton pulses arriving at the experimental target.
nets located upstream of the target (Fig. 8). As we ex-
ceeded the breakdown voltage [Fig. 9 (d), Vbias = 69 V],
many more structures appeared which corresponded to
the small number of antiprotons that scraped the walls
of the analyzer or the secondary electron emission moni-
tors. The detector response against the peak at t = 2250
ns of amplitude ∼ 60 mV was clearly saturated. Between
Vbias = 72 [Fig. 9 (e)] and 73.5 V [Fig. 9 (f)], the signal
amplitude (∼ 400 mV) no longer increased, presumably
because the charge stored in the SiPM was depleted. The
waveform was also deformed by the recharging time of the
bias circuit and SiPM. When compared with the mea-
surements in Sect. III, we estimated that for a setting of
Vbias ∼ V0 + 1.5 ∼ 70.5 V, which was an optimal com-
promise between gain and dynamic range, around ∼ 10
simultaneous pion hits would saturate the SiPMs.
In Fig.10, the amplitudes of the two intense peaks at
t = 950 ns (filled triangles) and 2250 ns (circles) normal-
ized to the antiproton beam intensity measured by the
Cherenkov counter are shown for various values of Vbias.
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FIG. 10. Normalized amplitudes of the output signals of the
scintillator against the pulsed AD beam, plotted against the
bias voltage applied to the SiPM. The intensity of the peaks at
t = 950 ns (filled triangles) and 2250 ns (circles) in Fig. 9 are
shown superimposed. The signal amplitude increases rapidly
around the Geiger breakdown voltage ∼ 69 V, and then satu-
rates at higher bias voltages, presumably because the charge
in the SiPM is depleted.
The rapid increase at ∼68.8 V is due to the SiPM reach-
ing Geiger breakdown. From these results, we decided
to operate the scintillator in two modes, i): at a bias of
Vbias ∼ V0 − 4 ∼ 65 V to measure the timing profile of
the antiproton beam in a relatively linear way, ii): at
Vbias ∼ V0 + 1.5 ∼ 70.5 V to detect single pion hits.
V. DISCUSSIONS AND CONCLUSIONS
In conclusion, we constructed a 541-channel, seg-
mented scintillator for detecting and tracking charged
pions emerging from antiproton annihilations. Both cast
and extruded scintillators of thicknesses td = 12.7–19mm
were used, which were read out by wavelength-shifting
(WLS) fibers and silicon photomultipliers (SiPMs). The
design was optimized to attain high photoelectron yields
of around Γ = 35 − 38 for minimum-ionizing particles.
This was sufficient to detect antiproton annihilations in
a future Paul trap with an estimated efficiency of > 90%.
An important source of background was the dark cur-
rent of the SiPMs, which reached a maximum amplitude
equivalent of 3–4 simultaneous pixel discharges within
the ∼ 50-ns shaping time of the amplifier. This implied
that a Γ-value of > 20 was needed to achieve a suffi-
cient signal-to-noise ratio. In the current detector de-
sign, it may therefore be difficult to significantly reduce
the thicknesses of the scintillators (e.g., td ≪ 10 mm)
and increase the spatial resolution, without sacrificing
the detection efficiency. The response of the scintillator
against the high-intensity flux of pions emerging from the
annihilation of a pulsed beam of antiprotons was stud-
ied. At low bias voltages of the SiPM below the Geiger
breakdown threshold, the detector accurately measured
the envelope of the pulsed antiproton beam, but the sen-
sitivity was too low to detect individual annihilations.
At higher bias voltages, the detector became sensitive to
individual pion hits, but a nonlinear behavior was seen.
The scintillators were recently used to detect the small
number of annihilations that occurred when an antipro-
ton beam of kinetic energy ∼ 130 keV was allowed to
traverse thin target foils [1]. This technique may be used
in the future to determine the total annihilation cross-
sections of antiprotons on various metal targets in the
low-energy region.
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